Abstract Genome size variation is of fundamental biological importance and has been a longstanding puzzle in evolutionary biology. In the present study, the genome size of 61 accessions corresponding to 11 genera and 50 species of Vitaceae and Leeaceae is determined using flow cytometry. Phylogenetically based statistical analyses were used to infer ancestral character reconstructions of nuclear DNA contents. The DNA 1C-values of 38 species are reported for the first time, with the largest genome (Cyphostemma humile (N. E. Br.) Desc. ex Wild & R. B. Drumm, 1C ¼ 3.25 pg) roughly 10.48-fold larger than the smallest (Vitis vulpina L., 1C ¼ 0.31 pg). The large genomes are restricted to the tribe Cayratieae, and most other extant species in the family possess relatively small genomes. Ancestral genome size reconstruction revealed that the most recent common ancestor for the family had a relatively small genome (1C ¼ 0.85 pg). Genome evolution in Vitaceae has been characterized by a trend towards genome size reduction, with just one episode of apparent DNA accumulation in the Cayratieae lineage. Such contrasting patterns of genome size evolution probably resulted from transposable elements and chromosome rearrangements, while neopolyploidization seems to contribute to recent genome increase in some species at the tips in the family tree.
Introduction
Genome size (GS) is a basic biological trait of living organisms, and is usually characterized by the C-value, which designates the DNA content of the nucleus of an unreplicated gamete, that is, of the haploid complement of an organism (Swift, 1950; Dole zel & Bartos, 2005; Greilhuber et al., 2005; Leitch et al., 2005) . Genome size varies tremendously among angiosperms, spanning a remarkable ca. 2500-fold range, extending from ca. 0.061 pg (Genlisea margaretae Hutch., Lentibulariaceae; Fleischmann et al., 2014) to 152.23 pg (Paris japonica (Franch. & Sav.) Franch., Melanthiaceae; Pellicer et al., 2014) .
Although the full significance of the wide GS variation is still unclear, it is now recognized that the main mechanisms contributing to genome expansion in plants are polyploidy and the proliferation of repetitive DNA sequences (especially transposable elements (TEs); see reviews by Grover & Wendel, 2010; Kejnovsky et al., 2012; Leitch & Leitch, 2012) . There is strong evidence that GS can constrain several phenotypic traits and has significant influence on plant development, phenology, or ecological performance (Gregory, 2005; Bennett & Leitch, 2011; Jers akov a et al., 2013) . Genome size variation might also play an important role in speciation and diversification (Pellicer et al., 2014) . Phylogenetically based hypotheses on GS evolution have been developed for several families (Vall es et al., 2013; Wicke, 2013) and genera (Wong & Murray, 2012; Andres-Sanchez et al., 2013) of angiosperms. Overall GS variation and evolution in most angiosperm groups still remain poorly understood (Leitch & Leitch, 2013) .
In this study, we undertook an extensive survey of GS variation in the medium-sized but widely distributed grape family, Vitaceae. The family represents one of the basally branched lineages of the rosids Sun et al., 2016; Zhang et al., 2016; Gerrath et al., 2017) and consists of 16 genera and ca. 950 species found in both tropical and temperate regions (Wen, 2007; Wen et al., 2018) . Many species of the family are dominant lianas in lowland tropical forests, whereas species in Parthenocissus Planch., Ampelopsis Michx., and Vitis L. are primarily found in the north temperate zone (Wen, 2007) .
The phylogenetic and phylogenomic analyses of sequence data from all three genomes have so far supported five major tribes within Vitaceae: (i) Ampelopsideae, a tribe including Ampelopsis, Nekemias Raf., Rhoicissus Planch., and [Correction added on 21 June 2018, after first online publication: "Ampelopseae" was changed to "Ampelopsideae" throughout the paper and in the supporting information prior to its final publication in print in July, 2018.] Clematicissus Planch.; (ii) Cisseae, including only one genus of Cissus L.; (iii) Cayratieae, a tribe comprising of Cayratia Juss., Causonis Raf., Cyphostemma (Planch.) Alston, Tetrastigma (Miq.) Planch., Pseudocayratia J. Wen, L. M. Lu & Z. D. Chen, and Acareosperma Gagnep.; (iv) Parthenocisseae, including two genera of Parthenocissus and Yua C. L. Li; and (v) Viteae, including the grape genus Vitis and the expanded Ampelocissus Planch. (Soejima & Wen, 2006; Wen et al., 2007 Wen et al., , 2013 Wen et al., , 2018 Ren et al., 2011; Lu et al., 2012 Lu et al., , 2013 Lu et al., , 2018 Liu et al., 2013) . The backbone relationship of the grape family has also been well resolved with recent phylogenomic analyses of hundreds of nuclear genes from transcriptome data and the chloroplast and mitochondrial phylogenomic data (Zhang et al., 2015) . The Ampelopsideae is suggested as the earliest diverging group with subsequent divergent lineages including the Viteae and the Parthenocisseae groups, all of them are characterized by 5-merous flowers and temperatedominant distribution. The remainder of the family includes the two largest groups of the family: the Cayratieae and the Cisseae, which possess 4-merous flowers and are mainly distributed in the tropical regions .
There is extensive variation in chromosome numbers in Vitaceae (Shetty, 1959; Hazra & Sharma, 1970; Lavie, 1979; Patil et al., 1980; Karkamkar et al., 2010) . The changes of haploid (n) chromosome number in the Vitaceae is complicated, with the three temperate-dominant tribes having n ¼ 19 or 20 and the other tropical tribes frequently having n ¼ 11-13 (Karkamkar et al., 2010) . Taxa from tribes of Ampelopsideae and Parthenocisseae (e.g., Ampelopsis, Clematicissus, Rhoicissus, and Parthenocissus) generally have 2n ¼ 40 (Karkamkar et al., 2010) . In Viteae, Vitis subg. Vitis (e.g., V. vinifera L.) has 2n ¼ 38 and subg. Muscadinia (Planch.) Rehder (e.g., V. rotundifolia Michx.) has 2n ¼ 40 (Karkamkar et al., 2010) . Ampelocissus usually has 2n ¼ 40, except for some reported to be 2n ¼ 80 (Shetty & Raman, 1960) . The diploid number of Cissus is mostly 24 and sometimes 48, or occasionally 26, 28, 32, 40, 50 , to even 95. Chromosome number variation is complicated in Cayratieae (Karkamkar et al., 2010) . There is considerable chromosomal variation in Cyphostemma (2n ¼ 20, 22, 40, 44, 46, or 54) . The diploid numbers of Cayratia vary greatly, for example, 30, 40, 60, and 80, and Tetrastigma mostly has 2n ¼ 22 or 44, although 52 was also reported (Lavie, 1979) .
In this study, we attempted to quantify GS from members of ten of the 16 genera of the Vitaceae by laser flow cytometry. These GS data were analyzed using statistical methods in a phylogenetic context Zhang et al., 2015) to: (i) track the current distribution of 1C-values across the family; (ii) reconstruct ancestral character states for GS; and (iii) identify where shifts in GS have taken place during the evolution of the family and gain insights into the key processes involved.
Material and Methods

Plant sampling and flow cytometry measurements
Plant material included 55 accessions, representing 44 species from 10 genera covering all of the five tribes recently recognized by Wen et al. (2018) Table S1 .
An optimized protocol was developed by evaluating the reliability of different nuclear extraction buffers and staining conditions. We tested several commonly used buffers and chose woody plant buffer (Loureiro et al., 2007) as the suitable buffer for Vitaceae with an optimal concentration (50 mg mL
À1
) of propidium iodide (Sigma-Aldrich, St. Louis, MO, USA) and staining duration of 30 min. Approximately 40-50 mg of mature fresh leaves (including sample and standard plant) were co-chopped for 30-60 s in 1.6 mL cold woody plant buffer using a sharp razor blade in a Petri dish. The resulting homogenate was filtered through a 50 mm nylon filter to remove cell fragments and large debris. RNase A (SigmaAldrich) was added at a concentration of 50 mg mL À1 and propidium iodide was used according to protocol standards. Stained samples were analyzed on a Partec CyFlow space cytometer (Partec, M€ unster, Germany) equipped with a blue laser (100 mW, 488 nm) and the fluorescence intensity of 10 000 nuclei was analyzed for each sample. The results of the flow cytometry were further analyzed by using FloMax software (Partec, M€ unster, Germany) and gated to selectively visualize all cells of interest which gather densely in dot plot map while eliminating results from unwanted particles. Here, CV ¼ D/M Â 100%, where D is the standard deviation of the cell distribution and M is the average of cell distribution. The average of coefficient of variation values (CV) was used to evaluate the results with which CV <5% was considered as reliable. Nuclear DNA content was calculated as a linear relationship between the ratio of 1C-value peaks of the sample and the standard. Genome size could be calculated from these data using the formula: 1C (sample) ¼ (2C peak position sample) Ã (1C value standard)/(2C peak position standard).
Phylogenetic and statistical analyses
Phylogenetic trees based on the combined dataset of 4819 bp from five plastid and one nuclear sequences (trnL-trnF, atpBrbcL, rps16, trnC-petN, atpB-rbcL, and GAI1) from GenBank (Table S2) were reconstructed using Bayesian inference implemented in MrBayes version 3.1.2 (Ronquist & Huelsenbeck, 2003) . The Markov chain Monte Carlo algorithm was run for 10 million generations with one cold and three heated chains and sampling one out of every 1000 generations. Runs were repeated twice to confirm the convergence of our results. After discarding the first ca. 15% saved trees of each run as burn-in, the remaining trees were loaded into PAUP version 4.0b10, and a 50% majority rule consensus tree was computed to obtain posterior probabilities distribution. Ancestral GS was reconstructed in the Mesquite version 3.31 (Maddison & Maddison, 2017) under unordered maximum parsimony (MP). For MP, the dataset was implemented as continuous characters. Character evolution was also reconstructed on the 50% consensus tree using maximum likelihood (ML) under the Mk1 model and under MP using Mesquite version 3.31 (Maddison & Maddison, 2017) , after coding of continuous data (1C-values) into discrete categories (because continuous data cannot be analyzed under ML in Mesquite). For species having more than one estimate, mean average values of nuclear DNA contents were calculated from all available data. We also undertook the GS ancestral reconstruction of 1C-values using ML in R, and the ER model as implemented in the package "phytools" with the function "fastAnc", subsequently mapped onto the Bayesian consensus phylogram using the function "contMap" (Revell, 2012) .
Genome size comparisons between specific lineages were undertaken with Statgraphics Plus version 5.1 (Statistical Graphics, Warrenton, VA, USA). The normality of the data distributions was tested with the Tukey test and the homogeneity of variances with Levene's test. The significance of differences in GS between selected groups was determined using one-way ANOVA.
Results
The flow cytometric analyses resulted in high-resolution histograms ( Fig. 1) with 2C peaks for the target sample and the reference standard of good quality (CV, 1.65-4.82%; mean 3.28 for target samples). The flow cytometric measurements from different accessions of the same species varied <2.55%, falling within acceptable limits of intraspecific variation (i.e., <5%; Dole zel & Bartos, 2005) .
For all our estimates in Vitaceae (Table 1) , the largest genome (Cyphostemma humile (N. E. Br.) Desc. ex Wild & R. B. Drumm, 3.25 pg/C) was more than 10-fold larger than the smallest (Vitis vulpina L., 0.31 pg/C). At the 1Cx level, this variation dropped down to ca. 9-fold, with the smallest 1Cx estimate in the diploid V. vulpina, and the largest 1Cx estimate in the diploid Tetrastigma rafflesiae Planch. (1Cx-value ¼ 2.89 pg). Nuclear DNA contents (1C-value) were mapped onto the phylogenetic trees (Fig. 2) , highlighting the impressive shift towards GS expansion during the diversification of the Cayratieae group.
The ranges of GS in each tribe are listed in Table 2 and illustrated in Fig. 3 . The Tukey test showed GS differences as only significant in the case of Cayratieae (F ¼ 15.47; P < 0.01), with the remaining four tribes forming homogeneous groups. Within Cayratieae, the mean GS values for Causonis, Tetrastigma, and Cyphostemma were not significantly different (F ¼ 0.79; P > 0.05).
The Bayesian analysis yielded a well-resolved phylogenetic tree for the family supporting its monophyly and the segregation into five strongly supported tribes (Fig. 2) . Based on the MP method, the most recent common ancestor (MRCA) of Vitaceae was reconstructed with a 1C ¼ 0.85 pg, which is probably downsized from 1.13 pg of Leeaceae (Fig. 2) . Overall, excluding Cayratieae, relatively low 1C-values are generally found in four clades of Vitaceae, namely Ampelopsideae, Parthenocisseae, Viteae, and Cisseae, without significant differences among them. The largest GS expansion in the family was found in Cayratieae and the MRCA of the tribe as inferred as having a 1C-value of 1.46 pg, in striking contrast to the 1C-values ranging from 0.54 to 0.65 reconstructed for the other four tribes (Fig. 2A) . Under ML (and MP in categorized data) by using the Phytools package using R (Fig. 2B) , the reconstructed ancestral 1C-value range is 0.68 AE 0.19 pg, which smaller overall than those obtained with MP in continuous data. However, the results mirrored the dynamics found with the former approach, with four of the five tribes in the family characterized by relatively small genomes, in contrast to the apparent genome expansion in Cayratieae (Fig. S1 ).
Discussion
Prior to this study, GS estimates had been reported for only a few species of Vitaceae, mostly from the grape genus of Vitis (Lodhi & Reisch, 1995) , and these published data provided limited information on the pattern of GS diversity in the family. With GS reported for 45 species of Vitaceae and Leeaceae (Table 1) , this study is the first comprehensive survey of nuclear DNA content for the grape family. We included the entire taxonomic coverage of all five tribes (i.e., Ampelopsideae, Parthenocisseae, Viteae, Cisseae, and Cayratieae) of Vitaceae and revealed that the family usually has a relatively small GS with an extraordinary episode of genome expansion of maximally more than 10-fold that occurred during the evolution of the family, in the lineage leading to the tribe Cayratieae (Table 1 ; Fig. 2 ).
Genome size among Vitaceae tribes
The tribe Ampelopsideae is the first diverging lineage of the family, including four genera (i.e., Ampelopsis, Nekemias, Rhoicissus, and Clematicissus) with only ca. 47 species that are widely distributed in six continents (Nie et al., 2012) . Only Ampelopsis and Rhoicissus were represented in this study and the GS of the MRCA reconstructed for this tribe was small, with 1C-value ¼ 0.57 pg (Fig. 2) . The chromosome number for this group is uniform (Karkamkar et al., 2010) The Parthenocisseae mainly includes Parthenocissus along with a small genus of Yua, which was segregated from the former (Li, 1990 (Li, , 1996 Nie et al., 2010) . The six species in Parthenocissus measured have a mean 1C-value varying from 0.41 pg in P. tricuspidata (Siebold & Zucc.) Planch. to 0.93 pg in P. vitacea (Knerr.) Hitchc. (Table 1 ). The chromosome number for this clade is also consistently characterized as 2n ¼ 4x ¼ 40 (Karkamkar et al., 2010; Moore & Wen, 2016) , but the ancestral GS of 1C-value ¼ 0.54 was inferred for the tribe with a wide variation range of 2.28-fold (Fig. 2) . It is interesting to note that species with trifoliate or simple leaves (i.e., P. heterophylla (Blume) Merr., P. semicordata (Wall.) Planch., and P. tricuspidata) have smaller GS than the others with five leaflets (i.e., P. henryana (Hemsl.) Graebn. ex Diels & Gilg, P. quinquefolia (L.) Planch., and P. vitacea) in the genus (Table 1) . Ancestral character reconstruction of leaf number suggested that the trifoliate or simple leaves have derived from a five-leaflet state (Nie et al., 2010) and the GS data could provide useful implications for the evolution of leaf numbers in this group.
The Viteae primarily consists of the temperate-dominant Vitis and the broadly defined and pantropic Ampelocissus (including Pterisanthes Blume and Nothocissus (Miq.) Latiff, Wen et al., 2018) , corresponding to the Vitis-Ampelocissus s.l. clade in Soejima & Wen (2006) and Lu et al. (2018) . The smallest GS of the family was found in the diploid species V. vulpina (0.31 pg), which was somewhat smaller than the previous report (1C-value ¼ 0.45 pg) by Lodhi & Reisch (1995) . The largest is from V. heyneana Roem. & Schult. with double GS as 1C-value ¼ 0.62 pg (Table 1 ). This variation is intriguing, assuming the same chromosome numbers for them, and further research is necessary, especially adding cytological data from V. heyneana. Two different chromosome numbers are found in the tribe. One is 2n ¼ 4x ¼ 40 from Ampelocissus and Vitis subgenus Muscadinia and the other is 2n ¼ 4x ¼ 38 from Vitis subgenus Vitis. However, GS variation in this group is not apparently consistent with the chromosome divergence. The 1C-values range from 0.31 to 0.62 pg for the taxa with 2n ¼ 38 and 0.4-0.61 pg for those with 2n ¼ 40 ( Table 1) .
The monotypic tribe Cisseae contains only Cissus, the largest genus of Vitaceae, and shows a pantropical intercontinental disjunction . The GS variations were investigated in seven species from three subclades according to their phylogenetic relationships . The diploid species (e.g., C. tuberosa Moc. & Sesse ex DC., C. discolor Blume, C. rotundifolia Vahl, C. javana DC.), with deduced chromosome numbers of 2n ¼ 2x ¼ 24, were accompanied by relatively small 1C-values, ranging from 0.37 to 0.45 pg, compared with taxa from other tribes such as Ampelopsideae, Parthenocisseae, and Viteae (Fig. 2) . We found direct evidence that whole genome duplication or polyploidization plays a major role in genome expansion within this tribe, as indicated by the 1C-values of tetraploid and hexaploid species, which are roughly two-fold and three-fold larger than those of the diploid ones, respectively (Table 1; Fig. 2) . Therefore, our data suggested that there is a linear relationship between chromosome number and GS for some taxa within this tribe.
Cayratieae is the most species-rich tribe in the family with three main genera (Cayratia, Cyphostemma, and Tetrastigma) and some other recent segregated or small taxa, such as Causonis, Acareosperma, and the undescribed "Afrocayratia" . As shown in Fig. 2 , this tribe is represented by the genera of Causonis, Cyphostemma, and Tetrastigma, with Cyphostemma sister to a clade including Tetrastigma and Causonis. The ancestral GS of the tribe was reconstructed as 1C-value ¼ 1.46 pg, significantly larger than all other groups in the family (Fig. 2) . Cyphostemma is a large genus with ca. 200 species mainly distributed in continental Africa and Madagascar, with only three species in Asia. Three species were investigated with 1C-values that ranged from 1.33 to 3.25 pg (Table 1) . A positive correlation between chromosome Fig. 2 . Fifty percent majority-rule consensus tree from Bayesian inference based on the combined datasets. All supported branches are indicated with the posterior probability ! 0.95. Nuclear DNA contents for each species (1C-values) were mapped onto the tree and ancestral state reconstruction was carried out with the maximum parsimony method in Mesquite (A) and the maximum likelihood method by using the R package Phytools (B).
Ã Neopolyploid reports. À, Unknown data. Wen et al. (2018) . ‡Values calculated based on the data in Table 1 and Table S1 . Max., maximum; Min., minimum; SD, standard deviation.
number and GS has also been observed in Cyphostemma (Table 2 ; Fig. 2 ). Tetrastigma has at least 100 species that are mainly distributed in the Asian tropics and subtropics extending to Australia, ranging from India to China, across Southeast Asia, and eastward to Fiji (Wen, 2007; Wen et al., 2018) . The genus is featured with large GS of 1C-values ranging from 1.16 to 2.89 pg. Pseudocayratia speciosa from southern China had 1C-value ¼ 0.66 pg. The small genus Pseudocayratia (5 spp.) is sister to the large genus Tetrastigma. Further studies with more GS and phylogenetic data are necessary to explore possible evolutionary patterns of GS variation in the tribe Cayratieae.
Genome size evolution in the family
As discussed above, with the exception of Cayratieae, extant representatives of Vitaceae generally have small genomes (Fig. 2) , leading to the hypothesis that the ancestor of the family may have had a relatively small genome. This was confirmed here using both MP and ML analyses, although the GS of the MRCA reconstructed for Vitaceae under MP (1C-value ¼ 0.85 pg) was higher than that obtained using ML (¼ 0.68 AE 0.19 pg) with the continuous data. A further MP analysis run using the categorical data set mirrored the profiles obtained with ML (Fig. S1 ). As suggested by Pellicer et al. (2014) , the differences in the GS values recovered from the different analyses might just reflect the influence of transformation of continuous data into categorical ranges.
Many hypotheses concerning the potential evolutionary forces responsible for generating the diversity of GS in angiosperms have been proposed. Polyploidization (i.e., whole-genome multiplication), as a radical form of mutation leading to the increase of the GS, is important in the diversification and evolution of the eukaryotes (Leitch et al., 2008; Husband et al., 2013) .
In the present study, polyploids (4x, 6x) are frequently found in the five tribes (Table S1 ; Fig. 2 ). We followed Moore & Wen (2016) to treat the chromosome numbers for the three basal and temperate-dominant tribes (Ampelopsideae, Viteae, and Parthenocisseae, 2n ¼ 40 or 38) as tetraploids. This scenario can be possibly explained by an ancient polyploidy event (paleopolyploid) at the stem of Vitaceae, followed by diploidization leading to the differentiation into three lineages. On the contrary, both diploids and polyploids are found in the two tropical-dominant tribes Cayratieae and Cisseae and these polyploidy events may be recent and considered as neopolyploids. Several independent occurrences of these neopolyploids are found in the evolution of the family (Fig. 2) . Furthermore, these recent polyploidization events were reconstructed in more derived positions, occurring mainly at the tips rather than at internal nodes in the tree ( Fig. 2; e.g., in Cissus, Cyphostemma, and Tetrastigma). Even though the chromosome counts of Vitaceae have not been extensively reported, we found a general pattern that the GS of neopolyploid species is proportionally greater than that of the related diploid species (Table 2) . For example, the 1C-values of tetraploid and hexaploid taxa in Cisseae are roughly two-and three-fold larger than that of the diploid species, respectively (Fig. 2) . However, it seems that recent polyploidization could not explain the difference of the GS between the Cayratieae and the other four lineages, because even the diploid taxa with small chromosome numbers in the tropical Cayratieae usually have large GS, particularly in Tetrastigma (Fig. 2) . Therefore, our data suggested that polyploidization is not responsible to the GS expansion of the whole tribe Cayratieae, but contributes to the GS increase of some individual species within the tropical-dominant tribes (Table 1 ; Fig. 2) .
Apart from the polyploidy processes discussed above, other major factors including the differential proliferation of the TEs, with or without chromosomal rearrangements, have largely contributed to differences in GS observed among species or groups (Hu et al., 2011; Slotkin et al., 2012) . For example, in a study examining the genetic landscape of the gymnosperm Picea abies (L.) H. Karst. (1C-value ¼ 20.04 pg), >86% of the repetitive elements recovered were singletons, suggesting that the GS increase had arisen through the amplification of many individual TE families (Nystedt et al., 2013) . The increased genomes of Cayratieae (but with small haploid chromosome numbers) in the Vitaceae family may be similarly explained by bursts of TE transposition coupled with the low efficiency of counterbalancing deletion mechanisms, as observed in a few studies of other organisms with large genomes. The most similar case is found in the monocot family Melanthiaceae, which has also been characterized by one episode of dramatic DNA accumulation more than 230-fold in the tribe Parideae. This extreme GS expansion is explained by the key role that TEs and chromosome rearrangements can play in driving the evolution of plant genomes (Pellicer et al., 2014) . Likewise, retrotransposon activity is responsible for changing the GS in plants such as Oryza australiensis Domin, Arabidopsis lyrata (L.) O'Kane & Al-Shehbaz, and Gossypium L. spp. (Piegu et al., 2006; Hawkins et al., 2009; Hu et al., 2011) .
Although the mechanisms underlying GS expansion are relatively well known (Grover & Wendel, 2010) , other "behind the scenes" machinery controlling genetic activity remains unclear, especially for species with large genomes such as those found in Cayratieae. For example, Tetrastigma from the Cayratieae are the host plants of Rafflesiaceae, a family with the largest flower in flowering plants, and it is possible that horizontal gene transfer from the gigantic parasites (Davis & Wurdack, 2004; Nikolov & Davis, 2017 ) may have contributed to the genome size increase in the host Tetrastigma. Further in-depth DNA sequence analyses, especially based on whole genome sequence data, are essential to uncover the types of DNA sequences involved, the mechanisms responsible, and the nature of the triggers that lead to such extreme GS expansions in plant lineages.
Conclusion
Our study is the first extensive survey of GS variation within a dominant and species-rich family of vines, with genera representing significant and independent diversifications in both temperate and tropical regions. Our sampling included a wide generic diversity (Wen, 2007) and the results revealed one extraordinary episode of genome expansion in the lineage leading to the Cayratieae clade during the evolution of the family. With the exception of the Cayratieae, other extant representatives of Vitaceae have relatively small genomes (Fig. 2) , leading to the hypothesis that the ancestor of the phylogenetically isolated family Gerrath et al., 2017) may have had a relatively small genome. With the consideration of the chromosome number parameters, the proliferation of the TEs with the chromosome rearrangement could be an important determinant, beyond polyploidization, to explain the genomic expansion of Cayratieae in Vitaceae.
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